The paper covers designing methods of original structures for vibration activators on the basis of balanced eccentric vibration exciters, which can be used in designs of mixers, feeders and other processing equipment in order to increase intensity and effectiveness of their work. Regularity of the oscillation amplitude, providing stable intensive vibration effect on the processed material, regardless of its structural and rheological properties (size distribution, binder type, etc.), in combination with the constant frequency is a well-known advantage of these vibration activators.
Introduction
Development of vibration technology is characterized by appearance of vibration machines for different purposes and application design. A variety of types and modifications of vibration machines, as well as conditions of their use provide a number of specific requirements to their principal design, structural execution and performance of their drives -vibration exciters (Belokobyl'skiy et al., 2008; Bauman and Bykhovskiy, 1977; Verstov, et al., 2013; Chelomey, 1981a; Den-Gartog, 1960; Emel'yanova et al., 2009; Blekhman, 1994) .
Types of vibration exciters (vibrators) are divided into four main groups by their construction design: inertial (unbalanced, centrifugal) , crank mechanisms (excentric), electromagnetic and reciprocating (pneumatic and hydraulic) (Efremov and Lobanov, 2008; Efremov et al., 2011a; Efremov et al., 2011b; Kuzmichev, 2013; Efremov and Lobanov, 2009) .
It is reasonable to use the method of internal vibration protection of an object, allowing reduction of the level of vibration on the environment, on the one hand, and maximization of vibration effect on the treated material, on the other hand, during the design of vibrating machines and equipment.
Below we consider designs and methods of designing of balanced excentric vibration activators, hereinafter referred to as vibration exciters, in which forced vibrations are carried out due to a flat rotational kinematic pair ex-ecuted as an elbow (a crank or an excentric sleeve), as shown in Figure 1 . tion formed with rotation of the crankshaft around axis X and relative rotation around symmetry X1. If axes X and X1 of displaceable and relative rotations are parallel, then the movement of the vibrator can be called plane-parallel. If symmetry axis X1 intersects X axis in the point "O", then the motion of the vibrator is called precessing. The body of such exciters, hereinafter called precessing, makes motions during the rotation of the crankshaft, which is called a regular precession with nutation angle ß.
Unlike gyroscopes, the angular rate of rotation of the excentric exciter body around symmetry axis X1 is substantially less that the angular rate of rotation around axis X.
Bearings are considered to be main (1), if axis X of the crankshaft rotation passes through its center; bearings are considered to be rod (2) if they are installed along axis X1 of the relative rotation of the vibrator. We will consider a vibration exciter to be inboard if the oscillating weight mounted on connecting rod bearings is located between the main bearings ( Figure 2a ), and to be console, if the oscillating weight is situated behind one of the extreme main bearings (Figure 2b , c). The following variants are possible during designing: oscillating gravity center is located between the connecting rod bearings or behind the extreme crank bearing. Precessing type console vibration exciters are reasonable to be designed three-point. In this case the connecting rod bearing is situated at the point of application of the inertia resultant of centrifugal forces, and the second support executed as a resilient element is located between the main bearings ( Figure 2d ).
Static unbalance is typical of plane-parallel type vibration exciters, and dynamic unbalance is typical for precessing type vibration exciters. The balance (static or dynamic) implies a state of the vibration exciter as a technical system in the process, in which the reaction of main bearings against centrifugal forces and moments equals to zero, i.e. the degree of transmission of dynamic loads onto supporting pillars, the foundation and the drive, is rather small. Regularity of the oscillation amplitude, providing stable intensive vibration effect on the processed material, regardless of its structural and rheological properties (size distribution, binder type, etc.), in combination with the constant frequency is a well-known advantage of these vibration exciters.
The distinctive advantage of the considered vibration exciters from the point of view of machine vibration isolation is a balance of oscillating masses and, as a consequence, reduction of dynamic loads on external objects (drive, body, operating personnel, engineering structures, etc.).
Design description
The design of the vibration exciter includes the following main parts: bearing drive crankshaft installed on main bearings; the body fixed on rod bearings installed via excentric sleeves on the main drive shaft and balances to ensure a dynamic balance (Romanovskiy, 2010; Serebrennikov and Kuzmichev, 1999; Kuzmichev and Lyalinov, 2015; Banfill, 2011) .
The flow diagram of vibration exciters is given in Figure  2 .
The body of an excentric vibration exciter performs a complex rotational motion consisting of a displaceable mo- It is completely impossible to eliminate the imbalance in actual design of exciters. Therefore, it can be assumed with sufficient practical accuracy that the imbalance ratio equaling the ratio of maximum centrifugal loads in crank bearing 1 to its value in connecting rod bearing 2 should be 0.01...0.02. However, it is rather difficult to determine the unbalance ratio when designing, taken all errors of geometrical dimensions and material density during manufacturing of exciter parts. Therefore, the permissible unbalance can be determined by the highest amplitude of oscillation of the vibration machine body (frame). The value of the body oscillation amplitude is determined by the constraint Aω 2 ≤ 0.5g, where ω, A is the frequency and amplitude of vibrations of the vibration machine body (frame), respectively.
Methods
Let us consider the work of a vibration exciter in the medium ( Figure 3 ).
The exciter shaft rotates at a constant angular rate of the motor. Torque occurring on the exciter shaft is a sum of the moments of internal forces (friction in bearings, seals, etc.) and the moment of external forces M=eP c .
P is a driving force applied to the connecting rod bearing, which is equal to M/e and directed at the angle of 90 degrees to the crank; Q is a centrifugal force directed along the crank; P c is the power of the medium resistance which is also applied to connecting rod bearings and is rotated by 90 degrees clockwise with respect to the centrifugal force.
In order to achieve static (dynamic) balance of the system, i.e. when reactions in main bearings 1 equal zero, it is necessary that the sum of all external forces acting in connecting rod bearing (bearings) 2 would equal to zero. It is obvious that the driving force P equals to the power of the medium resistance P c in value and is opposite in sign. To balance the centrifugal force Q it is necessary to place counterweights, creating an opposite directed force equal in value. The above said can be written in the form of a constraint:
P= P c ; Q=P
The constraint (1) reveals the following property of excentric balanced vibration exciters: static (dynamic) balancing of the system, carried out in the air, is not affected when dipping the exciter into the mix.
(1) Figure 3 . Scheme of driving forces acting on the vibration exciter, dipped in the mix: 1, 2, 3 -the main and connecting rod bearings, as well as the exciter body, respectively; 4 -diagram of the drag force of the medium; M is an external force moment (on the drive shaft); e is excentricity (oscillation amplitude); Q is a centrifugal force produced by the rotation of unbalanced masses; R is a centrifugal force produced by the rotation of a counterweight; P is a driving force applied to the connecting rod bearing; P c is resistance force of the mix (the force preventing rotation of the exciter in the medium); w is the drive shaft rotation rate
Method of vibration exciter balancing
The vibration activator balancing method is based on the known positions of rotors balancing, which always can be brought into a state of dynamic equilibrium with two corrective masses arranged in two unspecified correction planes (Chelomey, 1981b) .
The calculation task includes the following: 1. determination of the value and location of the resultant of centrifugal forces generated by rotation of unbalanced (fluctuating) masses;
2. determination of the counterweight mass and places of their location on the main drive shaft providing static (dynamic) balancing the unbalanced masses.
Unbalanced weight is the total mass of vibrating elements in the design of a vibration exciter, the center of gravity of which is located on main central inertia axis X 1 .
When calculating according to item 1 it is recommended not to include the weight of the connecting rod bearing assemblies in the unbalanced mass in order to simplify the design process and reduce the calculation procedure.
Calculation according to Item 1.
Unbalanced mass of the vibration exciter can be represented as a sum of linear distributed and concentrated lengthwise masses.
The most common (possible) typical schemes for precessing exciters are presented in Figures 4a, b, c, d , e, f, g. Resultants of centrifugal forces arising as a result of circular body vibrations are defined by the following formulas for typical schemes presented in Figure 4 :
where dQ i is a prime centrifugal force.
After substitution of the values of distributed loads into the equation (2) and their integration within appropriate limits we will obtain the following: After substitution of the values of distributed loads and corresponding centrifugal forces into the equation (3) and their integration within appropriate limits we will obtain the following: Example. Let unbalanced exciter body elements be presented in the form of distributed masses q 1 and q 2 and concentrated mass M as shown in Figure 6 .
When applying the method of superposition (the method of independence of acting forces), resultants of centrifugal forces is determined taking into account the following expressions (2a, b, g ). 
Expression (6) is valid on the same basis as the expression (4); here M p is the reduced mass (weight of unbalanced elements of the exciter body modified to the point of the resultant application); Ltgβ is the value of the excentricity of the resultant application point (oscillation amplitude).
Q M Ltg
Comparing expressions (4) and (6) we will get:
When using the concept of reduced mass, calculations are simplified, as the multiplier ω 2 tgβ can be ignored in the expressions (4) and (5).
The circuits of distributed masses presented in Figure  4 cover almost all possible subpossibilities of unbalanced elements at the body of a vibration exciter.
In the case when the exciter body oscillates with the constant amplitude (plane-parallel vibration exciter), calculation of centrifugal force and the point of its application is as follows:
-the unbalanced mass m of the vibration exciter and the position of its center of gravity -distance L -from the end face of the body -is determined with known methods; -the resultant of centrifugal force is calculated by the formula Q= meω 2 , where e is the magnitude of the crank eccentricity (oscillation amplitude); is the angular rate of rotation of the drive crankshaft of the vibration exciter.
Calculations by Item 2.
The design author has the right to determine locations of correction planes (location of counterweights) in each case depending on the task of vibration exciter designing.
In this sense, the task of dynamic balancing is a creative task for the designer in terms of rational designing of vibration exciters.
Design diagrams of dynamic balancing of vibration exciters that are relevant to schemes in Figures 2a, b, c, d are shown in Figures 7a, b, c, d .
The concept of design diagrams is as follows. The main beam (bearing drive crankshaft of the vibration exciter) pictured as a bottom line rests on support 1 (main bearings). There is auxiliary bar A (vibration exciter body, unbalanced mass) shown as a top line, which rests on support 2 (connecting rod bearings).
Centrifugal loads occurring due to unbalanced masses (from the vibration exciter body) during rotation of the bearing drive shaft are depicted in the form of the resultant Q, R, R 3 , R 4 are centrifugal loads from connecting rod bearing assemblies.
R 1 , R 2 are centrifugal loads in connecting rod bearings appearing from the centrifugal force Q.
P, P 1 , P 2 are counterbalancing forces (centrifugal forces generated during rotation of counterweights mounted on the drive shaft). Geometrical dimensions L i establish connection between the acting forces.
The magnitude of forces P, P 1 , P 2 and distances L 3 , L 4 determining the location of counterweights are to be estimated.
The procedure of calculations is the following: 1. the layout of counterweights (a counterweight) is determined in terms of design; 2. centrifugal loads R 1 , R 2 in connecting rod bearings caused by the centrifugal force Q are defined with static methods;
3. the centrifugal forces R, R 3 , R 4 arising from oscillation of rod bearing assemblies are determined by the formula: R i =m i e i ω 2 , where m i is the weight of the bearing assembly; e i is the value of the sleeve excentricity; 4. all above stated forces are summarized taking into account the sign of forces direction; 5. all necessary values of centrifugal forces gained by counterweights are calculated in accordance with conditions of the statics in order to determine dynamic balancing and installation location of counterweights; 6. geometrical dimensions of counterweights (a counterweight) are selected and their (its) weight is determined; these inputs will provide the target centrifugal force. where m is the balance weight; y is the distance from the center of gravity of the counterweight to the rotation axis; ω is the angular rate of rotation of the vibration exciter shaft.
Dynamic balancing (balance of the vibration exciter) for the above stated examples is carried out under the following conditions:
d) The design involves one connecting rod bearing which is installed at the point of application of the resultant of centrifugal forces.
P=1/2(Q+R) symmetrical arrangement of counterweights If a geometric shape of the counterweight corresponds to the one showed in Figure 8 then the main design parameters are determined by the following formulas: where F is the cross-section area of the counterweight. The required thickness of the counterweight is calculated on the basis of the outer and inside diameter of counterweights.
If unsatisfactory results are received in terms of the layout of counteweights on the vibration exciter body (assuming the impossibility of design arrangement), compensation planes or the design of the vibration exciter body is changed and the calculation is repeated. In this sense, the tasks of designing are expressed in successive approximations to obtain the desired results.
When developing the manufacturing of vibration activators, it is recommended that oscillating parts of a test article are weighed and compared with target inputs. In case of divergence between target and actual weights by more than 2%, the weight of the counterweight (counterweights) should be specified.
Conclusions
Methods of designing of vibration activators are developed on the basis of balanced excentric vibration exciters that meet the requirements of durability of their operational life and their reliability. They can be used in the design of mixers, feeders and other processing equipment in order to increase intensity and effectiveness of their work. The publications (Kuzmichev, 2013; Romanovskiy, 2010; Serebrennikov and Kuzmichev, 1999; Kuzmichev and Lyalinov, 2015) present results of use of vibration activators in mixing processes for building materials.
